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For many years engineering considerations hove token prece- 
dence over human foctors considerations in the design of 
diving equipment in both naval and commerciol diving oppli- 
cations. Little systematic human engineering of diving geor 
has been accomplished, and it hos only been in recent yeurs 
thot on anolysis of human factors has truly begun. For the 
most part, the diver has in effect been asked to compensote 


for inadequacies in the design of diving equipment (Bochroch 
\ and Egstrom 1974). 
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During the post several yeors, there has been o colloborat~ 
ive progrom between the Behoviorol Sciences Deportment of 
the Naval Medical Research Institute in Bethesda, Marylond, 
and the Performance Physiology Laboratory ot the University 
of Colifornic ot Los Angeles thot has opproached the prob- 
lems of physiological and performance correlotes of under-. 
water activity from a systematic stondpoint. The program 

a hos attempted to define and quontify the tosks involved in 
diver performance and the impoct of equipment on performance, 
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H as well as the physiological rost of both work ond equipment 


A project completed during this colloborative research pro- 
grom wos the biomechonicol analysis and comparison of two 

diving systems, (1) the Mark V hordhot (Fig. 1), the ston- 
dord U.S. Navy surfoce-supplied system; ond (2) the proto- 


type Mork XII (Fig. 2), which is a porsifTs) rerpodpaekt. for 
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Figure 2. Mork XII diving dress, 
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the Mark V. One of the presumed advantages of the Mork XII 
in the original design wos its greoter flexibility over the 
Mark V diving dress. Accordingly, the initial approach to 
the comparison was a biomechanical analysis of the two sys- 
tems using 14 measures based on dynamic anthropometry ond 
drawn from the movements of divers performing underwater 
work, (Biomechanical-onolysis technique involves functional 
measurements concerned with the quontitotive ossessment of 
joint angle changes and range of motion while an individuol 
performs volitional movements). A swimsuit baseline wos ta- 
ken of o diver’s movements, followed by a dry and wet ono- 
lysis of each system. It was assumed that the diving system 
itself would impose certain external mechonical limitations 
on the normal internal mechanical stops thot ore expected in 
physical motion. The goal was to assess the effect of the 
suit on the free movement of the individual. 


It was found thot the prototype Mork XII ollowed more move- 
ment for two important arm functions, shoulder joint abduc- 
tion and shoulder joint flexion. Overall, in most of the 14 
measures, the flexibility of the Mark XII was clearly demon- 
strated. The laboratory studies assessed the systems, dry 
ond wet, in a tank; they were followed by an open-sea evo- 
luation of the two diving suits in Hawaii in 60 feet of wo- 
ter using several performance tasks, including the ENERPAC 
cutting task (Liffick, Mittleman, ond Quirk 1974); a self- 
contained load-handling Lift pontoon (Conda ond Armstrong 
1973); and the UCLA Pipe Puzzle (Weltman, Egstrom, Willis, 
and Cuccaro 1971). The UCLA Pipe Puzzle is a standardized 
assembly task in which o team of divers put together a real- 


world pipe assembly. It is-on-effective-_anasyre of various ; 


! 
: a = e ‘ i] 
types of performonce, : ome EG Ss is! 

i © SPF a3 es. xe 
ES mE i 
7 ar) ; 
oT ; ae : 
= aos i 
ct Soot 
se x 


To corretote the impect of the suits ond the work tosk with 
physiological events, a tolemetry system developed by Kan- 
wisher, Lewson, ond Strauss (1974) meosured heort rote while 
o diver wos performing in the woter. Here ogoin, the corre- 
letion of physiology and performance provides crucial in- 
formation about whot work the diver is doing, the physiolo- 
gical cost of this work, ond the system and equipment he is 
using, These dato are crucial for planning dives that moxi- 
mize diver efficiency and safety. In one diver the Mork V 
diving system oppeored to produce more physiologicol strain. 
This diver showed o heort rote peak of 184 beats a minute 
weoring o Mork V, which suggests morked effort, but his 
resting heort rote on the deck of the barge was around 80 
beats per minute, ond he never peaked higher thon 152 in 

the Mork XII. It oppears thot the Mork V in this porticulor 
diver under these conditions required marked physiological 
effort, which suggests thot one con quontify strain in the 
water, thereby providing more information about diver tosk 
and cost of physiology ond equipment. 


In 1973 the Undersea Medical Society sponsored a workshop 
on the Development of Standardized Assessment for Under- 
woter Performance (Bachrach 1975b). From this discussion a 
working group emerged who sought to develop a tosk that 
could be used in open sea ond wet pot and which would pro- 
vide o diver-credible evaluotive task allowing for a range 
of studies from fine coordination and mcnual dexterity to 
strength ond enduronce. The task developed to meet these 
criterio, known os sp2, is o conceptual derivation of the 
UCLA pipe puzzle (mentioned eorlier), a task which has prov- 
en to be an effective underwoter-ossessment technique. The 
sp? (Fig. 3) is smoller thon the eorlier pipe puzzle. it is 
made up of severol assembly procedures that can be modified 
to fit a given situotion. Each procedure can be performed 
in three work positions (i.e. standing, kneeling, and lying 
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f Figure 3. Diagram of sp2, Underwater Performance Tosk. 
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. down) ond may be completed within 10 minutes. It ollows for 
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’ performance measures ranging from fine coordination to dyno- 
£ mic strength; thus, the human-engineering components in div- 
i ing equipment can be assessed and correloted with physiolo- 
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Correloting such o standardized underwater-performanca as- 
sessment task with humon-engineering considerations and 
physiological correlates of diving work provides important 
considerations for improving diving performance in the fu- 
ture (Bechroch 19750). An example of such opplication of 
bioengineering would be a system such as the one-atmosphere 
diving syit known as "JIM". We have proposed a human-engin- 
eering evaluation of JIM that would include the following 
possible techniques of evaluation. Using photogrammetric 
techniques, still photogrophs, ond projectile motion, an 
enelysis of ectual movements of JIM in the woter could be 
accomplished. In cddition, there ore three important human- 
factors considerotions that might be developed. Through phy- 
siological monitoring, it would be possible to assess the 
general physiologicol status and the degree of physical 
exertion required of the operator during the various phases 
of training and performonce evaluation. An examination of 
critical safety considerations would provide advanced input 
on possible hazardous conditions thot might olready exist 
or could conceivobly occur. And last, an analysis of the 
biomechanicol ospects of JIM could furnish information con- 


cerning the static ond dynamic nature of the basic suit con- 
figuration, 


Included in the physiological monitoring would be such pora- 
meters os heart rote, respiration rate, carbon dioxide pro- 
duction, oxygen consumption, and temperature differentials 
for vorious parameters including suit, skin, and ombient wo- 
ter. Among the safety considerations would be visual limita- 
tions (external ond internol), kinesthetic feedback, and a 
review of emergency procedures. As for the biomechanical 
ospects (which would be o major study), we would include the 
following measures: strength, force opplication, manipulator 
dexterity, internol and external reach envelopes ond opero- 
tor ohthropometry, dynamic anthropometry, and mobility on 
inclines, ol] of which ore cruciol to effective performance. 
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A final aspect of o proposed study of a one-otmosphere Sy6- 
tem such os JIM would be to assess its monipulotive limito- 
tions with respect to the use of standard tools chorocteris- 
tic of inspection, construction, and salvoge. The obility to 
use standard tools such as hydrovlic and hand tools, the ono- 
lysis of fine and gross motor tosk performance, and a study 
of endurance and fatigue, including lood-corrying or hond~ 
ling copabilities ond distance copobilities, would be im- 
portant. Another consideration would be performonce choroc- 
teristics in zero visibility, which would be important in on 
assessment of o system such as JIM becouse of its visibility 
dependence. A reloted series of studies would be visuol field 


evaluations. 


We would hope to accomplish such a study on o system such as 
JIM. Whether it is actually accomplished or not, this pro- 
posol provides an example of the kinds of bioengineering 
considerations thot we believe must be a part of ony plon- 
ning for the development and assessment of diving systems 

of the future. We cannot ignore humon factors and physiology 


if we ore to have on effective, sofe, performing diver. 


Human bioengineering should be applied not only to the di- 
ver’s equipment, but to the hyperbaric research laboratory 

os well. As on example, construction of a Hyperboric Research 
Facility (HRF) is in progress at the Navol Medicol Reseerch 
Institute ot Bethesda, Horyland. This loborotory will be en- 
gaged in mony cspects of hyperboric research. The major tool 
for this research will be a man-roted hyperberic chomber com- 
plex copable of simulating various diving conditions, with a 


possible maximum depth of 3300 fsw. 


Ideally, a human-engineering program for a system the size 
of the HRF is initioted during the preliminary design stoges 
of the project. A detailed human-engineering analysis should 
be made ovailoble ~o the system design engineers to guide 
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them in selecting components to meet the specifications. Re- 
search hos shown that man’s performance efficiency is direct- 
ly influenced by work-space design and layout. Since the con- 
trol consoles would present the greatest concentration of 
information for the chamber operators (and the greatest po- 
tentiol for operator error), o human-engineering assessment 
of the control complex would be cf high priority. The cham- 
ber complex also is a restricted area where small groups of 
men will be confined for periods of up to 90 days; in addi- 
tion, these personnel will be required to perform several 
functions ino relatively short period of time in an abnor- 
mol environment. Thus, chomber-crew work ond hobitability 
during normal operation and during emergency conJitions 
should receive thorough humon-engineering consideration in 
the design of the complex. 


Several sets of guidelines are offered which provide crite- 
ria for planning these all-important work areas. Design of 
work space has been investigated by McCormick (1970) and by 
VanCott and Kinkade (1972). Visual, auditory, and tactile 
presentation of information os it relates to the human-engi- 
neering design of man-machine communications has been inves- 


tigated by Choponis (1959, 1965) and VanCott and Kinkade 
(1972). 


At the present time a human-engineering design analysis of 
the HRF complex is underway in the Behavioral Sciences De- 
partment, This anolysis is being conducted using full-scale 
mock-ups of all chambers ond of selected control consoles. 
The initial effort will be directed toward determining human- 
engineering limitations imposed by the present design, thus 
providing guidelines for use by the final design engineer. 

A secondary effort will provide options to be considered at 


eo future date if changes cre required. 
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The objective of the initiol study will be to compore the 
present design with current U.S. Novy standards, which out~ 
line required minimum human-engineering criterio. The evolu- 
ative techniques during this phase of the study will be a 
combination of subjective comparisons by divers (os well as 
nondivers) and operational simulotion using experienced di- 


vers as test subjects. 


The need for this type of study of hyperboric systems hos 
existed for many yeors and has become reodily apparent by 
the fact that every system constructed to dote hos required 
a mojor retrofit program after initial completion of con- 
struction. This study will be the first time thot full-scale 
mock-ups have been used by the U.S. Navy as an evoluative 
tool for a hyperbaric focility. They should prove to be in- 
valuable during the finol design phase of the present con- 


struction contract. 


In this summary of possible applications of humon-engineer- 
ing methodologies to the design of diving equipment, we have 
touched upon three specific areos: (1) the assessment of o 
new prototype diving system, the Mork XII, compored with the 
standard U.S. Navy diving dress the Mark V; (2) o proposed 
assessment of a one-atmosphere diving system (briefly con- 
sidered); and (3) o brief statement of work in progress on 
a humon-factors assessment of o hyperboric-chamber focility. 
These are examples of existing methodologies that have im- 
portont opplication to diving systems. The orchestration of 
human engineering, performance assessment, and physiology 
appeors to us to be crucial for truly effective operations 


and research. 


rnc 


*) Such a program has been developed by the Defence and 
Civil Institute of Environmental Medicine, Toronto, Conada, 
for its chamber complex. 
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